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ABSTRACT

In this paper, we investigatetheeffect of usinga novel cost,RMS
(RootMeanSquare)cost,for segmentselectionfor concatenative
Text-to-Speech.The RMS cost is affectednot only by the total
degradationof naturalnessbut alsoby thelocaldegradationof nat-
uralness.Fromtheresultsof experimentscomparingthisapproach
with segmentselectionbasedon a conventionalaveragecost,it is
found that (1) in the segmentselectionbasedon the RMS costa
larger numberof concatenationscausingslight local degradation
areperformedin orderto avoid concatenationscausinggreaterlo-
cal degradationand (2) the effect of the RMS costhaslittle de-
pendenceon thesizeof thecorpus.Moreover, we clarify that the
naturalnessof syntheticspeechcanbeslightly improvedby utiliz-
ing theRMS cost.

1. INTRODUCTION

Weareconstructinga concatenativeText-to-Speech(TTS)system
basedona large-sizedcorpusthathashighqualityandhighcover-
ageonbothphoneticenvironmentandprosody. However, in order
to realizeahigherandmoreconsistentqualityof syntheticspeech,
it is necessaryto designacostfunctionthatis suitablefor theper-
ceptualcharacteristics[1][2].

In conventionalsegmentselection,the optimumsegmentse-
quenceis selectedby minimizing the averagecost calculatedas
the sumof local costs. The averagecost shows the degradation
of naturalnessover the entiresyntheticspeech[3][4]. However,
it might be assumedthat local degradationof naturalnesswould
have mucheffect on thenaturalnessof syntheticspeech.In order
to investigatethis issue,wehaveevaluatedvariousfunctionsto in-
tegratethelocal costsin selectingtheoptimumsegmentsequence
[5]. Fromtheresultsof perceptualexperiments,it hasbeenfound
thattheRMS (RootMeanSquare)cost,which is affectedby both
theaveragecostanda maximumcostshowing the local degrada-
tion of naturalness,hasthebestcorrespondenceto theperceptual
scores.Therefore,it is possibleto selectabettersegmentsequence
by utilizing theRMS costin thesegmentselection.

In thispaper, wecomparesegmentselectionbasedontheRMS
costwith thatbasedontheaveragecostin detail. In orderto clarify
how the local degradationof naturalnessis alleviatedby utilizing
theRMS cost,selectedsegmentsequencesareanalyzedfrom var-
ious pointsof view. We alsoshow the relationshipbetweenthe
effectivenessof theRMS costandthesizeof thecorpus.Further-
more,theresultsof apreferencetestonthenaturalnessof synthetic

speechclarify which of the two costscanselectthebestsegment
sequence.

Thepaperis organizedasfollows. In Section2, costfunctions
for segmentselectionaredescribed.In Section3, theeffectiveness
of utilizing theRMS costis described,andtheresultsof thesub-
jective evaluationaregiven in Section4. Finally, we summarize
this paperin Section5.

2. COST FUNCTIONS FOR SEGMENT SELECTION

2.1. Local Cost

A local costshows thedegradationof naturalnesscausedby each
candidatesegment.In ourJapaneseconcatenativeTTSsystemun-
derdevelopment,the local costis calculatedastheweightedsum
of five sub-costs[5]. In this paper, in orderto representthis cost
moreeasily, we divide thesesub-costsinto two commonlyused
costs,i.e. a targetcost ���� anda concatenationcost ���� [3][4].

Thelocalcost �	� ��

����������� at a phoneme��� is givenby
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where ��� denotesa targetphoneme.� � and � � show theweights
for the target cost and the concatenationcost, respectively. If� �(!�" and � � areconnectedin the corpus,the concatenationcost� �� 
��������)�(!�"*� becomes0.

In our segmentselection,concatenationsat somephoneme
centers,i.e. precedingvowel centersof voiced phonemesand
unvoiced fricative centers,are also allowed in order to alleviate
audiblediscontinuity [6]. This algorithm allows the utilization
of both phonemeunits and diphoneunits and is similar to the
AT&T NextGenTTS system[7], which performssegmentselec-
tion basedon half-phonemeunits.Whenconcatenationis allowed
at thephonemecenters,the local cost �	� ��

��+� ����,� ������� at thehalf-
phonemesegments( ��,� and � +� ) for a target � � that is divided into
half-phonemes( � ,� and ��+� ) is calculatedas
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where/ �)01

� ,� � and/ �)01

� +� � show durationof thefirsthalfphoneme� ,� and that of the last half phoneme��+� , respectively. If a di-
phoneunit is used,theconcatenationcost � �� 
�� ,� �2� �(!�" � becomes
0. Furthermore,if a phonemeunit is used,theconcatenationcost�.�� 

� +� ��� ,� � becomes0.

Our segmentselectiondoesnot allow concatenationbetween
C and V (C: Consonant,V: Vowel) and utilization of the half
phonemesegments.Therefore,minimumunitspreserveeitherthe
importanttransitionsbetweenphonemesor the characteristicsof
Japanesesyllablescomprisedof CV or V.

2.2. Average Cost

As a function to integratethe local costs,the averagecost 3.� is
oftenusedandis givenby

3.� � %4 �
56
�87�" �	� � 

� � ��� � ��� (5)

where
4

denotesthenumberof phonemesin theutterance.Mini-
mizingtheaveragecostis equivalentto minimizing thesumof the
localcostsfor theselection.

2.3. RMS Cost

In orderto selecttheoptimumsegmentsequenceby takingaccount
into not only the total degradationbut alsothe local degradation,
weminimizetheRMS cost, 9;:=<>� , which is givenby

9;:?<>� �
@AAB %4 �

56
�C7�"ED �	� ��

���2�����F��GIHKJ (6)

Actually, only the sumof the squarelocal costsis calculatedfor
theselection.

3. EFFECTIVENESS OF RMS COST

We utilized 1131utterancesasan evaluationsetin orderto com-
parethesegmentselectionbasedon theRMS costwith thatbased
on the averagecost. Theseutteranceswere not includedin the
corpususedfor segmentselection.

3.1. Effect on sub-costs

We found that in the segmentselectionbasedon the RMS cost,
thestandarddeviation of the local costis smallerthanthatof the
segmentselectionbasedon theaveragecost,althoughtheaverage
of thiscostis slightly worse[5]. In thissection,weinvestigatedthe
effectsof both the targetcostandthe concatenationcostin order
to clarify theeffectivenessof adoptingtheRMS cost.

Thetargetcostis shown in Fig. 1 asa functionof corpussize.
Theaverageof thetargetcostsis degraded,andthestandarddevi-
ationincreasesslightly by utilizing theRMScost.Figure 2 shows
theconcatenationcostasa functionof corpussize. Although the
averagesof concatenationcostsareequalbetweentheaveragecost
andtheRMS cost,thestandarddeviationbecomessmallerby uti-
lizing theRMS cost. Theseresultsshow that theeffectivenessof
decreasingthestandarddeviationof thelocalcostis dependenton
theconcatenationcost.On theotherhand,theaverageof thelocal
costis slightly worseasaconsequenceof degradationof thetarget
cost.
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Fig. 1. Targetcostasa functionof corpussize.
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Fig. 2. Concatenationcostasa functionof corpussize.

However, it is possiblefor theseresultsto beinfluencedby the
weightsfor sub-costsratherthanby the local degradation,since
we utilized the weight setin which the weight for the targetcost
is smallerthanthatfor theconcatenationcost.Therefore,we tried
analyzingthe effectsof utilizing otherweight sets.The samere-
sultswereobtainedfor all weight sets,in which the ratiosof the
targetcostto theconcatenationcostweresetto 1 to 2, 1 to 1.5,1
to 1, 1.5to 1, and2 to 1. Therefore,theeffectivenessasmentioned
abovedependsnotontheweightsfor sub-costsbutonthefunction
to integratethelocal costs.

3.2. Effect on The Number of Concatenations

In order to clarify how the standarddeviation of the concatena-
tion costis decreased,we investigatedaneffect on thenumberof
concatenations.

Therateof increasein thenumberof concatenationsis shown
in Fig. 3 asa function of corpussize. This rateis calculatedby
dividing thenumberof concatenationsin thecaseof utilizing the
RMScostby thosein thecaseof utilizing theaveragecost.By uti-
lizing theRMS cost,theconcatenationat boundariesbetweenany
phonemeandvoicedphonemedecreases.However, theconcatena-
tionsat boundariesbetweenany phonemeandunvoicedphoneme
andthatat phonemecenterincrease.Figure 4 shows theconcate-
nationcostin eachtypeof concatenationwhenthe corpussizeis
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Fig. 3. Increaserateof thenumberof concatenationsasafunction
of corpussize.“*” denotesanyphoneme.
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Fig. 4. Concatenationcost in eachtype of concatenation.The
corpussizeis 32 hours.

32 hours.Theconcatenationbetweenany phonemeandunvoiced
phonemecanoften reducethe concatenationcostcomparedwith
thatbetweenanyphonemeandvoicedphoneme,sincetheformer
concatenationhasnodiscontinuitycausedby concatenating�	� sat
asegmentboundary.

Theseresultsshow a tendencyto avoid performingconcate-
nationsthatoftencausemuchlocal degradationof naturalnessby
insteadperformingmoreconcatenationsthat causeslight audible
discontinuity. As a whole,thenumberof concatenationsincreases
ratherthandecreases.Therefore,alargernumberof segmentswith
shorterlengths,which only causeslight local degradation,arese-
lectedby utilizing theRMScost[5].

3.3. Relationship of Cost Differences And Corpus Size

We investigatedthe differencesin averagecosts,RMS costs,and
maximumcostsbetweenthesegmentsequencesselectedby utiliz-
ing the averagecostandthoseby utilizing the RMS cost. Then,
therelationshipbetweenthesedifferencesandthecorpussizewas
clarified.

Theresultsareshownin Fig. 5. Themaximumcostis shown
asthe largestlocal cost in eachselectedsegmentsequence.The
costdifferencesarecalculatedby subtractingthecostsof theseg-

� �"! ��#
� �"! ��$
� �"! �"%

�
�"! �"%
�"! ��$
�"! ��#
�"! ��&

% %'�

()**
+,+-
.+) -

/0
1 .23
4

576�8:9<;�=>='?A@�B�C D�6�;�8:E

F ?AGHGHB�8IB�J�KIBL?AJ�M	N�OPKI6�='Q

F ?AGHGHB�8IB�J�KIBL?AJ�R�STB�8:R�UTBLKI6�='Q

F ?AGHGHB�8IB�J�KIBL?AJ�V�R�WX? V�;�VYK:6�='Q

$��$ Z�[! Z
()**
+,+-
.+) -

\]+,
\^ +
.23
4

()**
+,+-
.+) -
_\`)
_a
_.23
4

�H�[! #
�H�[! $
�H�[! %

�
�[! %
�[! $
�[! #
�[! &

Fig. 5. Dif ferencesin costsasa functionof corpussize.

mentsequencesselectedby utilizing theRMS costfrom thoseby
utilizing the averagecost. From the results,the RMS costworks
well for alleviating the local degradationof naturalness,sincethe
maximumcostbecomessmall,i.e. themaximumcostdifferenceis
positive. Moreover, thedifferencesin costshave little dependence
on the corpussize. Therefore,the effect of the RMS costcanbe
foundin anysizedcorpus.

4. SUBJECTIVE EVALUATION

4.1. Preference Test

We performeda preferencetest on the naturalnessof synthetic
speechto clarify which of thetwo costscouldselectthebestseg-
mentsequence.Thecorpussizewas32hours,andutterancesused
asteststimuli werenot includedin the corpus. Naturalprosody
wasusedasinput informationfor segmentselection.

Thenaturalnessof syntheticspeechwasexpectedto benearly
equalbetweensegmentsequenceshavingsimilarcosts.Therefore,
we usedpairsof segmentsequencesthat hadgreatercostdiffer-
encesin the test. Then,we selectedthe pairswith the largerdif-
ferencesin theaveragecostaswell asthosewith thelargerdiffer-
encesin theRMS cost.A scatterchartof theteststimuli is shown
in Fig. 6. “Sub-setA” includesstimuli pairswith largerdiffer-
encesin RMS cost.Thesestimuli pairsareincludedin a regionin
whichthenormalizedfrequencyof theRMScostdifferenceis less
thanabout20%. On the otherhand,“sub-setB” includesstimuli
pairswith largerdifferencesin averagecost,andlikewisetheseare
includedin a region in which thenormalizedfrequencyof theav-
eragecostdifferenceis lessthanabout20%.Therewere20stimuli
pairsin eachsub-set,andthetotalnumberof stimuli pairswas35,
since5 pairswereincludedin bothsub-sets.EightJapaneselisten-
ersparticipatedin theexperiment.In eachtrial, syntheticspeech
by thesegmentselectionbasedon theaveragecostandthatby the
segmentselectionbasedon the RMS costwerepresentedin ran-
dom order, and listenerswereaskedto chooseeitherof the two
typesof syntheticspeechassoundingmorenatural.

TheresultsFig. 7 show thatthesegmentselectionbasedonthe
RMScostcansynthesizespeechmorenaturallythanthatbasedon
theaveragecostin all cases:utilizing all stimuli, stimuli in sub-set
A only, andstimuli in sub-setB only. However, this improvement
is only slight.
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Fig. 6. Scatterchartof selectedteststimuli. Eachdot denotesa
stimuli pair.
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Fig. 7. Preferencescore.

4.2. Correspondence to Perceptual Score

We clarified correspondenceof the RMS cost to the perceptual
scoreswhenthe sizeof the corpuswasvaried[5]. However, our
TTS systemutilizes a large-sizedcorpusin order to synthesize
speechmorenaturallyandconsistently, so it is worthwhile to in-
vestigatethis correspondencein a rangeof lowerRMS costs.

We performedan opinion teston the naturalnessof the syn-
thetic speechin order to clarify this issue. Teststimuli were in-
cluded in the region coveredin the caseof utilizing a 32-hour
corpus,in which the RMS costswere lessthan · J ¸ . They were
selectedfrom a largenumberof utterancessynthesizedby varying
thecorpussize.Thisselectionwasperformedundertherestriction
that the numberof phonemesin an utterance,the durationof an
utterance,and the numberof concatenationswereroughly equal
amongthe selectedstimuli. The numberof selectedstimuli was
160.Eight Japaneselistenersparticipatedin theexperiment.They
evaluatedthe naturalnesson a scaleof seven levels. The percep-
tual scorewascalculatedas an averageof the normalizedscore
calculatedasa Z-score(mean= 0, variance= 1) for eachlistener
in orderto equalizethescorerangeamonglisteners.

Thecorrespondenceof theRMS costto theperceptualscores
of theRMS costis shown in Fig. 8. Thecorrespondenceis much
worsethan that in the caseof utilizing stimuli that cover a wide
rangeof thecost(correlationcoefficient�º¹ · J »�¸¶¼ ) [5].

5. CONCLUSIONS

In this paper, we proposedsegmentselectionthat considersnot
only thedegradationof naturalnessovertheentiresyntheticspeech
but also local degradation. In this selection,the optimum seg-
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Fig. 8. Correspondenceof RMScostto perceptualscores.

mentsequencesareselectedby minimizing theRMS (RootMean
Square)cost insteadof the averagecost. From the resultsof ex-
perimentscomparingthis approachwith segmentselectionbased
on the averagecost,it wasfound that in segmentselectionbased
on theRMS costa largernumberof concatenationscausingslight
localdegradationwereperformedin orderto avoid concatenations
causinggreaterlocal degradation.Moreover, the effectivenessof
this selectionwasfoundfor anysizedcorpus.We alsoperformed
subjective experimentson thenaturalnessof syntheticspeech.As
a result, it wasclarified that the naturalnessof syntheticspeech
can be slightly improved by utilizing the RMS cost. However,
the correspondenceof the cost to perceptualscoresis not ade-
quate.Therefore,we needto designa costfunctionthatcancap-
tureperceptualcharacteristicsmoreaccuratelyin orderto improve
thequality of segmentselectionandmakeit moreconsistent.
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